Robust quantum chemical methods are employed to predict the pKas of several families of dual hydrogen-bonding organocatalyts/anion receptors, including deltamides and croconamides as well as their thio-derivatives. The average accuracy of these predictions is about 1 pH unit, and allow for a comparison of the acidity between classes of receptors and for quantitative studies of substituent effects. These computational insights further explain the relationship between pKa and chloride anion affinity of these receptors that will be important for designing future anion receptors and organocatalysts.
Ureas, squaramides and their thio-derivatives are common motifs found in various hydrogen bonding organocatalysts and anion receptors. 1 Their activities are directly related to their hydrogen-bond (HB) donating ability, 2 which are in turn related to the acidities of the NH protons. For example, the halide binding affinities of anionophores are inversely correlated with the pKas of the HB donor protons. 3 Thiosquaramides and thiosemicarbazones have also recently been shown to display pH-switchable anion transport activities. 4 It is therefore desirable to develop protocols that can estimate the pKas of these compounds in a reliable and fast fashion. Experimental techniques such as Bordwell's method of overlapping indicator, 5 as well as hydrogen-deuterium exchange NMR methods 6 have been developed to determine the equilibrium acidities of various classes of organocatalysts in aqueous and organic solvents. 6a, 7 However, experimental measurements are generally less straightforward as they entail considerable synthesis and purification efforts prior to the pKa measurement. Occasionally, there are also practical difficulties associated with the stability or solubility of compounds. This has resulted in gaps in pKa tabulations that preclude a definitive understanding of molecular core and substituent effects needed for the rational design of these organocatalysts and anion receptors.
Our group 8 and others 9 have developed quantum chemical procedures utilizing implicit solvation models that can reliably predict solution-phase pKas for a broad range of acids. This includes amides, esters and peptide C-H acids, alcohols, carboxylic acids as well as more complex polyprotic drug molecules in organic and aqueous solvents. Scheme 1 shows two thermodynamic cycles commonly used in computational pKa prediction. Cycle A is commonly referred as the direct method and relies on an experimental/theoretical estimate of the proton solvation free energy. The proton exchange scheme (Scheme 1 cycle B) is generally more accurate because of cancellation of errors in the solvation free energy calculations. This method also avoids the use of the proton solvation free energy which has an uncertainty that can easily translate to >2 pH unit error in computed pKa values. 10 The success of the proton exchange scheme generally relies on the availability of a structurally similar reference acid (HRef) whose pKa value has been measured with high accuracy. When the scheme is applied in conjunction with high-level ab initio methods and a validated solvation model, this approach has an average accuracy of 1-2 pH units 10 (1 pH unit corresponds to 5.7 kJ mol -1 in DG at room temperature). Such accurate computational procedures are therefore valuable alternatives for predicting the pKa values of compounds without experimental data, yet-to-be synthesized compounds, and for quantitative studies of substituent effects. Scheme 1. Two common thermodynamic cycles for implicit solvent calculation of pKas. 
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In the present work, the equilibrium acidities of several families of NH acids that are important in organocatalysis and anion receptor chemistry are predicted computationally. We first benchmark our computational procedures against a diverse set of 25 (thio)urea and (thio)squaramides with known pKa values that span 5 to 21 pH units ( Figure 1 ). This includes model systems, as well as several popular (thio)urea organocatalysts (e.g. U4, 11 TU5, 11 TU8, 12 TU9 13 ). The validated protocol is then applied to assemble a comprehensive set of pKa values for NH acids bearing different cores and substituents whose experimental values are largely unknown (Scheme 2). In particular, the syntheses of deltamides and croconamides 14 (the three-and five-membered ring analogues of squaramides respectively) have been reported very recently, and it is of interest to examine the trend in pKa across these families of dual hydrogen bonding receptors. The details of the computational calculations are described in the SI. Briefly, all geometries were optimized at the M06-2X/6-31+G(d) level of theory and corresponding thermal corrections were obtained using the rigid rotor harmonic oscillator approximation. High-level G3(MP2)-RAD(+) 15 single-point calculations were performed on these geometries to yield gas phase energies. For larger systems (e.g. TU9 and S7), the gas phase energies were obtained using the ONIOM approximation, 16 which affords reaction energies that are generally within 2 kJ mol -1 of the full calculation (Table S1 ). Solvation free energies in DMSO were obtained using the SMD implicit solvent model. 17 In the direct calculation (cycle A in Scheme 1), a proton solvation free energy of -1143.5 kJ mol -1 in DMSO 18 was used. In the proton exchange scheme, U1 and S1 were chosen as the reference acids for (thio)ureas and (thio)squaramides respectively. Table 1 compares the computed and experimental pKa values for the test set. For thiosquaramides (TS1-4), experimental values were determined in 1:9 water-acetonitrile solution, and available data (S1, S3) indicates that pKa values are very similar to those measured in DMSO. This is also supported by computation where pKas in DMSO and acetonitrile are generally within 0.5 pH unit (see entries S2-4, TS1-4 and TOS1 in Table  1 ). Somewhat atypically, the direct method (cycle A) produced pKa values that are in very good agreement with experiment (average/maximum absolute errors of about 0.90/2.9 pH units). The proton exchange scheme provided a modest improvement with corresponding errors 0.9/2.3 pH units respectively. The compounds with the largest errors are U4 and TS3, both of which display conformations that are different to their chosen reference acid (Figures S1-2). These errors could be mitigated by choosing a structurally and conformationally similar reference acid (e.g. TS1 as reference for thiosquaramides) in the proton exchange scheme. Overall, this level of accuracy is consistent with earlier studies, 10 and is sufficient for the application of these computational procedures for quantitative studies of related compounds, including yet-to-be-synthesized structures. Encouraged by these results, we extend the proton exchange calculations to predict the pKas of a dataset of 63 symmetrical N,N'-disubstituted ureas, deltamides, squaramides, croconamides and their thio-counterparts (Scheme 2). While the pKas of (thio)ureas and (thio)squaramides have been investigated, there are only two reports of croconamides and deltamides in the literature, 14, 22 and the broader relationship between the Brønsted acidities and anion binding behavior of these receptors is still largely unknown.
Scheme 2.
The computational results are summarized graphically in Figure  2 and several observations are worth highlighting:
(1) The predicted pKa values for deltamides 3g, croconamides 7a-c, and 7e,f appear to be in good agreement with recent measurements 22 (Table S5 ).
(2) For a given substituent, the molecular core with the strongest acidity is thiosquaramide > croconamide > squaramide > thiodeltamide > thiourea > deltamide > urea. For aromatic substituents, deltamides, squaramides and croconamides are typically 2.3, 6.2 and 10.6 pH units more acidic than ureas. The corresponding values for dialkyl substituents are 4.0, 10.4 and 15.4 pH units respectively.
(3) On average, thioureas, thiodeltamides and thiosquaramides are 5.8, 3.2 and 6.4 pH units more acidic than their oxocounterparts.
(4) For a given molecular core, N,N'-diphenyl derivatives are 4 to 8 pH units more acidic than their dialkyl counterparts. Incorporation of a trifluoromethyl or a nitro groups to phenyl rings further enhances the acidity by 1 to 3 pH units. The magnitude of these substituent effects diminishes with increasing acidity of the molecular core.
In addition to providing quantitative insights into the effects of molecular core and substituents, the computationally predicted pKas also explain trends in chloride anion affinities of these families of anion receptors. Figure 3 shows an XY plot of available experimental chloride association constants 4a, 4c, 22-23 (logK in 0.5% water/DMSO-d6) versus computationally predicted pKa values (Table S6 ). Whilst it is generally expected that there should be an inverse correlation between the two thermodynamic properties, it is interesting to note that different binding motifs display quite different trends. Notably, the dotted ellipses highlight two groups of compounds with different pKa-logK dependence. In the first group (data points within black ellipse), there are ureas and squaramides whilst deltamides and thioureas make up the second group (red ellipse). These results suggest that between a thiourea/deltamide and urea/squaramide with comparable acidities, the latter is likely to form more stable complexes with chloride anions. To illustrate this point, the chloride association constant (in DMSO) of less acidic N,N'-diphenylurea (pKa = 18.7) is 31 M -1 , whilst the value for its thio-counterpart (pKa = 13.5) is 15 M -1 . 23a Figure 2 . Substituent effects in computed pKa values (in DMSO) for different dual hydrogen bonding motifs.
Figure 3. Correlations between experimental chloride association constants (logK) and computationally predicted pKas in DMSO.
To better understand these results, we examined the structures of N,N'-diphenylurea 1c and N,N'-diphenylthiourea 2c as well as their chloride complexes. Notably, the phenyl rings in 2c are significantly twisted relative to the thiocarbonyl groups with dihedral angle of around 45°. The corresponding dihedral angle for 1c is about 4° (Figure 4 ). In addition, there is a tendency for these receptors to adopt a planar geometry upon binding to the chloride anion. Planarization signifies a nitrogen lone pair that is more delocalized thereby leading to more favourable electrostatic interactions with the guest anion. However, this comes at a cost of increased steric interactions between the phenyl substituents and the sulfur atom that would explain the weaker than expected affinity for chloride anions (see Table S2 for calculated steric energies). In support of this argument, we note that N,N'-dialkylurea (where these steric interactions are absent) display weaker chloride affinities (K < 10 M -1 ) than its thiocounterpart (K = 10 M -1 ). 23b This presumably explains why N,N'-dibutylthiourea 2a coincides with the pKa-logK line for ureas and squaramides (black dotted ellipse in Figure 3 ). Interestingly, deltamides display very similar geometries between their free and chloride-bound forms. Comparison with other receptors suggests that deltamides form hydrogen bonds to monoatomic anions that are strained. 24 Ordinarily, the bond angle along an amide N-H-Cl hydrogen bond is close to 180 o . (Table S2) . This is further supported by experiments that show deltamides bind 10 to 100-fold more strongly to polyatomic anions such as hydrogen phosphate and acetate where the strain is relieved. 22 Finally, we note that the pKa-logK correlation for croconamides and thiosquramides is inverted (Figure 3 ). This is because these compounds display pKa values that are generally below 10 where a significant population of the receptors are likely to be deprotonated under the conditions of the experimental measurement. Indeed, earlier studies have demonstrated that the anion transport ability of thiosquaramides are completely switched off at pH 7.2. 4b, 4c In summary, we have employed robust computational methods to achieve a quantitative understanding of substituent effects on pKas across several families of dual hydrogen bonding receptors. Our computational calculations further explain correlations between acidities and experimental chloride associations constants, and help explain variations between different families of receptors. These insights are important for understanding how different binding motifs and substituents may be used to modulate the pKa, and consequently hydrogen bond strengths that will be important for designing more effective anion receptors and non-covalent organocatalyts.
